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ABSTRACT
We obtained the first maps of Jupiter at 1–3 mm wavelength with the Atacama Large Millimeter/-
Submillimeter Array (ALMA) on 3–5 January 2017, just days after an energetic eruption at 16.5◦S
jovigraphic latitude had been reported by the amateur community, and about 2-3 months after the
detection of similarly energetic eruptions in the northern hemisphere, at 22.2–23.0◦N. Our observa-
tions, probing below the ammonia cloud deck, show that the erupting plumes in the SEB bring up
3ammonia gas from the deep atmosphere. While models of plume eruptions that are triggered at the
water condensation level explain data taken at uv–visible and mid-infrared wavelengths, our ALMA
observations provide a crucial, hitherto missing, link in the moist convection theory by showing that
ammonia gas from the deep atmosphere is indeed brought up in these plumes. Contemporaneous HST
data show that the plumes reach altitudes as high as the tropopause. We suggest that the plumes
at 22.2–23.0◦N also rise up well above the ammonia cloud deck, and that descending air may dry
the neighboring belts even more than in quiescent times, which would explain our observations in the
north.
Keywords: Jupiter — Atmosphere — Radio observations — Radiative Transfer
1. INTRODUCTION
Numerous ground-based and space-borne telescopes
have monitored Jupiter closely during the past few
years, being motivated to provide support to NASA’s
Juno mission, in particular during close encounters of
the spacecraft with Jupiter, referred to as Perijoves
(PJs). Although Juno data are not included in this
paper, the observations discussed were similarly moti-
vated. They were carried out in early January 2017,
near Juno’s originally planned PJ8 (which was 11 Jan.
2017). Contributing uniquely to this campaign, obser-
vations were obtained with the Atacama Large Millime-
ter/Submillimeter Array (ALMA). This is the first time
that ALMA observed Jupiter’s atmosphere at 1.3 and
3 mm (233 and 97 GHz), probing 40-50 km below the
visible ammonia-ice cloud (down to 3-4 bar). Data at
these wavelengths complement the Very Large Array
(VLA) Jupiter maps of 2013-2014 in the cm wavelength
range (de Pater et al., 2016, 2019; henceforth dP16 and
dP19, respectively).
Fortuitously, the timing of the ALMA observations was
just a few days after amateur astronomer Phil Miles an-
nounced the onset of an “outbreak” in Jupiter’s South
Equatorial Belt (SEB; 7–20◦S1): a small bright white
plume at 16.5◦S that signified the start of a large-scale
disruption in the SEB (Fig. 1). The last full fade and re-
vival cycle of the SEB took place in 2009-2011 (Fletcher
et al., 2011; 2017a), where the word “fading” is used
when the SEB looses its brown color and turns white
(like a lighter-colored axisymmetric band, referred to as
a “zone”). Although the present outbreak was not pre-
ceded by a period of fading, there are many similarities
between this outbreak and the revival cycle following the
2009-2011 fade, as shown in this paper. While outbreaks
in the SEB occur at irregular intervals of a few years,
1 All latitudes are referred to as planetographic latitudes.
periods between faded states can be over three decades
long (Rogers, 1995; Fletcher, 2017).
Meanwhile, in the northern hemisphere, three months
prior to our observations, four extremely bright white
plumes had been discovered at 22.2–23.0◦N, i.e., just
south of the North Temperate Belt (NTB; 24–31◦N).
Over the next few months this led to a planetary-scale
disturbance in the NTB, resulting in a uniform orange
belt by the end of November 2016, at latitudes spanning
22.8–26.7◦Nke (Sa´nchez-Lavega et. al., 2017). Such
NTB outbreaks occur on timescales &5 years.
Radio observations at mm–cm wavelengths are unique
because they probe below the visible cloud deck (dP19).
Therefore, our ALMA data give a unique perspective
on the SEB outbreak and the aftermath of the NTB
revival since these are the only data that let us trace
these events below the ammonia cloud deck. In the case
of the NTB, our data were acquired after the entire belt
had “revived”, but in case of the SEB the data were
taken during the period when plume eruptions were in
progress.
We present the observations in Section 2, the results in
Section 3 with models in Section 4, concluding with a
discussion and a possible explanation in the context of
moist convection theory in Section 5. A brief summary
is provided in Section 6.
2. OBSERVATIONS
Jupiter was observed with ALMA on 3-5 January 2017,
when the array was composed of 40 antennas, and placed
in a relatively compact configuration (C40-2). Observa-
tions were obtained in Band 3 (3 mm, 90–105 GHz) and
Band 6 (1.3 mm, 223–243 GHz). The observations are
summarized in Table 1.
Quasi-simultaneous observations were obtained at sev-
eral other telescopes on January 10–14. Specifically,
observations at a spatial resolution 3.5–4 times higher
than that of the 1.3 mm ALMA data were obtained
4Figure 1. Images in visible light spanning the origin of the SEB outbreak. A pre-outbreak image on 28 Dec. 2016; discovery
image on 29 Dec. 2016; and subsequent images on 31 Dec. 2016, and 8, 10 and 17 Jan. 2017. The source of the Outbreak
remains fixed near 208◦ System II, and the disturbance propagates to the east, as shown by the sequence of images. (Courtesy
S. Yockey, Ohio, USA; Phil Miles, Australia).
with the Very Large Array (VLA) in the X-band (∼3.5
cm, 8–12 GHz); although the spatial resolution in these
maps is exquisite, the large scale structure is poorly
mapped. We used the Hubble Space Telescope (HST)
WFC2/UVIS camera at multiple wavelengths to map
the visible cloud structure, including bright plumes.
With the Gemini telescope we imaged the planet at a
wavelength of 5 µm using the NIRI instrument, while we
simultaneously obtained 5-µm spectroscopic data with
the Keck telescope using the NIRSPEC spectrometer,
both probing down to 7–8 bar in cloud-free regions. To
diagnose thermal effects of the SEB outbreak on the up-
per troposphere and stratosphere, we used mid-infrared
detectors on the Very Large Telescope (VLT), VISIR,
and Subaru telescope, COMICS. Table 2 provides a sum-
mary of all observations taken in addition to the ALMA
data. In the following subsections we describe each of
the observations in more detail.
2.1. ALMA
We obtained 5 – 6 observations (or “executions”) with
ALMA (program 2016.1.00701.S) on each of the first two
days (3 and 4 Jan. 2017), interleaving Band 3 (3 mm,
90–105 GHz) and Band 6 (1.3 mm, 223–243 GHz); one
additional observation was taken on 5 Jan. Since Jupiter
is large, roughly 35′′ across during the observing period,
we used the mosaicing method to map the entire planet.
A total of 5 pointings were used in Band 3, and 17 in
Band 6, so that the majority of time was spent in Band
6. In each setup, we had 4 spectral windows, each 2
GHz wide.
The basic data received from an interferometer array,
such as the VLA or ALMA, are (complex) visibilities,
formed by correlating signals from the array’s elements.
These are measured in the u-v plane, where the coor-
dinates u and v describe the separation, or baseline,
between two antennas (i.e., an interferometer) in wave-
length, as projected on the sky in the direction of the
source. We refer the reader to de Pater et. al. (2019)
for a summary of this technique.
The initial flagging and calibration was done using the
ALMA pipeline in the Common Astronomy Software
Applications package, CASA. Unfortunately, the abso-
lute flux density of Jupiter in the various observations
was obtained using different flux calibrators, which re-
sulted in slightly different flux scales between executions.
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7For all observations J1256-0547 was used as phase cali-
brator. We modified the flux densities so that all scans
were referenced to Callisto, for which we used the in-
ternal model in CASA (Butler-Horizons 20122). We
modified the phases of Jupiter to take out its motion
across the sky. The MIRIAD software package (Sault
et al., 1995) was used to create maps of the planet3 .
ALMA’s primary beam was assumed to be a gaussian
with FWHM 1.13λ/D radians (λ = wavelength; D = di-
ameter ALMA dish, which we assumed to be 12 m). The
procedures to produce longitude-smeared and longitude-
resolved maps were then similar to those used in earlier
VLA observations, including self-calibration (Sault et
al., 2004; dP16, dP19). However, the techniques were
generalized to account for beam effects and mosaicking.
Due to the excellent u-v-coverage in ALMA data com-
pared to the VLA, the maps are essentially devoid of
instrumental artefacts.
As in the previous papers, in order to best assess small
variations on Jupiter’s disk, a limb-darkened disk was
subtracted from the u-v data with a brightness tempera-
ture and limb-darkening parameter that produced a best
fit (by eye) to the data (i.e., “best fit” means parameters
such that there is no planet after imaging the residual
u-v data). Limb-darkening was modeled by multiply-
ing the brightness temperature at disk center, T′b, by
(cosθ)q, with θ the emission angle on the disk (i.e., the
angle between the surface normal vector and the line-of-
sight vector to Earth), and q a constant that provides
a best fit to the data. Although more complex limb-
darkening models could be used instead of our simple
algorithm, our main goal is to subtract the large bright
smoothly-varying structure that is Jupiter’s disk, so we
can produce reliable maps of the residuals. The sub-
tracted disk is added back before we model the data with
radiative transfer calculations (see also dP19).
Disks which provided a best-fit to the Band 3 (T′b = 131
K with q = 0.10) and Band 6 (T′b = 115 K with q =
0.08) data revealed brightness temperatures that were
only of order 60–70% of what we expected. Although our
data lacked short spacings, (in Cycle 4 it was not possi-
ble to simultaneously use the Atacama Compact Array
(ACA) and the 12-m array), this was not the reason for
the low observed brightness temperatures. These appear
to be caused by errors in the ALMA observations and
pipeline reduction software. Based on an ALMA memo
2 (https://science.nrao.edu/facilities/alma/aboutALMA/Technology/ALMA−Memo−Series/alma594/memo594.pdf
3 The CASA software package at the time did not produce
reliable mosaicked images; this has been remedied in CASA 5.4.0
(NAASC−117).
on calibration4, we conclude that the system tempera-
ture, Tsys, is usually determined on blank sky. This is
reasonable for a source which does not contribute sig-
nificantly to Tsys. However this approach is not appro-
priate for very bright sources. For example for ALMA
observations of the Sun, Tsys is determined on the disk
of the Sun5. A similar approach should be used when
observing the bright planets as well.
In order to remedy this shortcoming, we assumed disk-
averaged brightness temperatures based on the best
model fits to dP19’s disk-averaged brightness temper-
ature spectrum (Fig. 4 in dP19, with the Karim et al.
(2018) model), and scaled the data accordingly. The
values used are listed in Table 3, Tb(adopt). We then
calculated the brightness temperature at disk center,
Tb(cent), that would provide Tb(adopt) when using the
limb-darkening parameter q, and after subtracting the
cosmic microwave background (Tcmb) to mimic the ob-
servations. After putting the originally subtracted disk
back, we multiplied the maps by Tb(cent)/T
′
b and added
Tcmb to match the observations as close as possible to
Jupiter’s disk.
2.2. VLA
Jupiter was observed with the VLA (program 16B-048)
on 11 Dec. 2016 and 11 Jan. 2017. Observations were
obtained in the X band (8–10 GHz in 2016; 8–12 GHz
in 2017), while the VLA was in its most extended (A)
configuration. The VLA data were processed using the
standard pipeline; the data were averaged in time (10s)
and in frequency (8 channels) and remaining noisy base-
lines were removed manually. The dataset was reduced
using the full 2 or 4 GHz bandwidth and additionally,
the data were split spectrally into 1-GHz wide sets and
each set was self-calibrated once on a limb-darkened
model with brightness temperature and limb-darkening
coefficient obtained from dP16. After subtracting the
aforementioned model, longitude-resolved images were
formed using the MIRIAD software package (Sault et
al., 2004; dP16, dP19). Details on the observations are
provided in Tables 2 and 3.
2.3. HST
Images in the UV/visible/near-IR range were taken
on 11 Dec. 2016 (program GO-14661) and 11 Jan.
2017 (program GO-14839 ) with the UVIS detector
4 http://library.nrao.edu/public/memos/alma/main/memo318.pdf
5 https://almascience.nrao.edu/alma-data/science-
verification/sunspot-calibration
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9of the WFC3 instrument aboard the Hubble Space
Telescope (Dressel 2019; see their Table 6.2 for filter
properties). Raw data are available from the Hubble
MAST archive, and processed data are available from
https://archive.stsci.edu/prepds/wfcj.
Corrections were applied for fringing at long wavelengths
(Wong, 2011), and cosmic ray hits were removed based
on their sharpness (van Dokkum, 2001). The images
were navigated by aligning the data to a synthetic limb-
darkened disk, as described in Lii et al. (2010).
2.4. VLT
Thermal-infrared observations in eight narrow-band fil-
ters between 7-20 µm were acquired by the VISIR in-
strument, with a 9th band covering the 5-µm window
(Lagage et al., 2004) on the VLT on 15-17 Dec. 2016
(program 098.C-0681(C)) and on 10-11 Jan. 2017 (pro-
gram 098.C-0681(D)), continuing the sequence of Juno-
supporting observations that had started in Feb. 2016
(described in Fletcher et al., 2017b). The eight filters
are selected to provide constraints on upper tropospheric
(8–600 mbar) and stratospheric (10–20 mbar) tempera-
tures, along with distributions of 500-mbar aerosols and
ammonia gas. Although these observations were not
global in extent, they were designed to capture two sep-
arate hemispheres on two separate nights. VLT’s 8-m
primary mirror provided diffraction-limited spatial res-
olutions of 0.25-0.8′′. Standard image reduction proce-
dures were used (Fletcher et al., 2009), including despik-
ing and destriping to remove detector artefacts, limb
fitting to assign geometric information to each pixel,
cylindrical reprojection, and absolute radiometric cal-
ibration via comparison to Cassini Composite Infrared
Spectrometer (CIRS) observations.
2.5. Subaru
Images of Jupiter at 7-20 µm were acquired using the
COMICS instrument at the Subaru telescope between
January 11 and 14, 2017 (UTC) (Kataza et al., 2000).
Subaru’s 8-m primary aperture provides a similar spatial
resolution as the VLT at the same wavelengths. A 2×1
dithering of the COMICS field-of-view (∼45′′×32′′) was
performed in order to map the entire jovian disk (∼37′′)
while avoiding detector artefacts at the edges of the field.
The reduction of images was performed using the same
procedures as described above for the VLT/VISIR data.
Images recorded over the four consecutive nights were
stitched together to produce an image over 360◦ in lon-
gitude.
2.6. Gemini
Thermal infrared images were taken with the NIRI in-
strument at Gemini North Observatory in the 5-µm
wavelength range (Hodapp et al. 2003). We use the
M’ filter, with a central wavelength of 4.68 µm, and
the f/32 camera with its 22.4′′ square field of view.
Data were acquired on 2017-01-11 (program GN-2016B-
FT-18), and are available from the Gemini archive at
https://archive.gemini.edu/.
Images were mapped into the latitude/longitude coordi-
nate space by aligning the data with a synthetic wire-
frame disk, and stacked in the latitude/longitude coor-
dinate space to avoid errors that would be introduced by
coadding images of a rotating planet. A “lucky imag-
ing” approach was used, taking many 0.3-sec exposures
and coadding only the sharpest individual frames. The
full data reduction pipeline is described by Wong et al.
(2019).
2.7. Keck
We obtained 5-µm spectra of Jupiter using NIRSPEC,
which is an echelle spectrograph on the Keck 2 tele-
scope, with 3 orders dispersed onto a 1024×1024 InSb
array (McLean et al 1998). A 0.4′′×24′′ slit was aligned
north-south on Jupiter at two longitudes east of the SEB
source outbreak, resulting in spectra with a resolving
power of 20,000. The spectra were obtained on Jan-
uary 11, 2017 (program 2016B−N045NS). The geocen-
tric Doppler shift at this longitude was -31.5 km/sec.
The water vapor abundance above Mauna Kea was 2.5
precipitable mm along the line of sight to Jupiter, or 1.7
precitable mm in a vertical column. This was derived
from fitting telluric lines in both stellar and Jupiter spec-
tra.
3. RESULTS
3.1. Longitude-smeared ALMA Maps
Figure 2 shows longitude-smeared maps of Jupiter
(panel B), averaged over the entire Band 3 (3 mm)
and (separately) Band 6 (1.3 mm). Similar to the
longitude-smeared VLA maps taken in December 2013
(top image), we see numerous bright and dark bands
across Jupiter’s disk, in particular at 1.3 mm where the
spatial resolution in the north-south direction is similar
to that of the 2013 VLA data (Table 3). The radio-hot
belt at 8.5–11◦N latitude, near the interface between the
North Equatorial Belt (NEB; 7–17◦N) and the Equa-
torial Zone (EZ; 7◦S–7◦N) is prominent, as well as the
minimum in brightness temperature (Tb) near a latitude
of 4◦N, i.e., in the EZ.
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Figure 2. A) North-south scans through longitude-smeared ALMA and VLA maps. The scans were created by median
averaging over 60◦ of longitude, centered on the central meridian of each map, after reprojection on a longitude/latitude grid.
Since a limb-darkened disk had been subtracted from the data, the background level of each scan is centered near 0 K, as for
the 224 GHz scan. The scans are offset for clarity by 10 K each, while each set is separated by 20 K. The spatial resolution of
the 3-mm maps is about 2.5 times lower than at 1.3 mm and the VLA maps, which lowers the feature contrast. The vertical
dashed lines (at e.g., the EZ, SEB, NEB and NTB) help guide the eye to line up features. The green line at the top is the
(eastward) wind profile as measured from the HST data; the scale is given on the right side. At the top we show a slice through
the HST image from Figure 4. B) Longitude-smeared ALMA maps of Jupiter’s thermal emission at 1.3 and 3 mm (averaged
over the entire Bands 6 and 3, resp.), and a VLA 3-cm map from dP19, after subtraction of a limb-darkened disk.
We reprojected each 2-GHz wide spectral window map
on a longitude/latitude grid, and constructed north-
south scans through each of the maps, which are shown
in panel A of Figure 2, together with a VLA scan from
2013 at 2.6 cm (dP19) which probes similar depths as
the ALMA scans (see below). The background level
curves upwards at higher latitudes, because the poles
are less limb-darkened than east-west scans along the
planet, as shown before from VLA maps (de Pater,
1986; dP19) and Cassini radiometer data (Moeckel et
al., 2019). The top-most green curve is the wind pro-
file as measured from the HST data (11 January 2017),
using the methodology of Asay-Davis et al. (2011) and
Tollefson et al. (2017). A strip through the HST map
(Section 3.2) is shown at the top of the figure.
Ammonia gas is the dominant source of opacity over
the entire mm–cm wavelength range, so our maps can
be used to derive the 3-dimensional distribution of this
gas (as in dP16, dP19). Since the 1–3 mm and 2.5–3
cm spectral ranges are on opposite sides of the NH3 ab-
sorption band, and have a similar absorption strength,
the two wavelength ranges probe the same depths in
Jupiter’s atmosphere (∼0.5–4 bar) as shown by disk-
averaged spectra (Fig. 4 in dP19) and the weighting
functions (Fig. 3). Despite the 3-year separation be-
tween the 2013 VLA and ALMA data, the similarity
between the VLA 2.6 cm and ALMA 1.3 mm scans (at
a similar spatial resolution) is striking. The contrast
between the minimum (EZ) and maximum (radio-hot
belt, i.e., NEBs) brightness temperatures in the ALMA
maps varies from 22 to 27 K from 3 mm down to 1.3 mm
(Fig. 2), which is the same as measured with the VLA
at 2.5–3 cm (Fig. 7 in dP19). In addition, the zone-belt
structure in the southern hemisphere shows an excel-
lent match between the 2013 VLA and ALMA scans.
This shows that, averaged over longitude, the southern
hemisphere has remained the same over a 3-year period
(12/2013–1/2017).
11
Figure 3. The temperature profile (dotted line; wet adi-
abat) and weighting functions for our nominal atmosphere
in thermochemical equilibrium, under nadir viewing condi-
tions. In our nominal atmosphere the abundances of CH4,
H2O, and Ar in the deep atmosphere are enhanced by a fac-
tor of 4 over the solar values, and NH3 and H2S are enhanced
by a factor of 3.2 each. On the right-hand side we indicate
the various cloud layers expected to form in thermochemi-
cal equilibrium. The weighting functions move down in the
atmosphere if there is less NH3 gas, such as in the NEB.
The situation is different in the northern hemisphere.
Near 17–18◦N latitude, there is a “ledge” (i.e., a plateau
with an abrupt drop-off) in the ALMA profile that is
missing in the 2013 VLA data. Moreover, the ALMA
data show a clear minimum in Tb at ∼23◦ in the North
Tropical Zone (NTrZ; 17–24◦N), just south of the promi-
nent eastward jet; such a clear minimum is not seen in
the 2013 VLA data. In the visible, the NTrZ is usu-
ally white, indicative of upwelling gases. At present, as
shown in the HST strip above the scans, the NTrZ is
highly disturbed (and in part colored orange). A com-
parison between the ALMA scans and the HST strip
further shows that subtle variations in Tb match vari-
ations in color in the HST data, which implies that
changes in the visible are related to latitudinal varia-
tions in the ammonia abundance below the cloud deck.
This is also interesting, because it is well known that
colors of Jupiter’s bands change temporally (e.g., fad-
ing of the SEB, expansions of the NEB, and the color
change in the NTrZ in Fig. 2A), while the wind pro-
file (at the NH3 cloud deck) is very stable (except for
changes in the absolute velocity of the 24◦ eastward jet)
(e.g., Rogers, 1995; Asay-Davis et al., 2001; Tollefson et
al., 2017).
3.2. Longitude-resolved Maps at Radio, Visible and
Mid-Infrared Wavelengths
A plethora of structure is seen in the ALMA disk-
resolved maps, as shown most clearly in the 1.3-mm
maps, Figure 4A. Bright areas indicate a higher bright-
ness temperature, assumed to be caused by a lower NH3
abundance (as in dP19, assuming the temperature pro-
file follows an adiabat), and dark areas indicate a lower
brightness temperature, caused by a higher opacity in
the atmosphere. The radio-hot belt at 8.5–11◦N lat-
itude (NEBs) contains prominent hot spots with small
well-defined dark regions interspersed. The dark regions
are small plumes of NH3 gas, which are likely associated
with the small bright clouds in the HST map (green ar-
rows, #6, in Fig. 4B) at similar latitudes (∼12◦N). Just
to the south are larger dark and somewhat oval-shaped
regions; these are the plumes of ammonia gas that were
most striking in VLA data at ∼6 cm wavelength (dP16)
but were visible at all radio wavelengths observed (1–13
cm) (dP19), as well as in the thermal infrared as indi-
cated in Figure 5, in particular near 10 µm (Fletcher et
al., 2016). The Great Red Spot (GRS) in the ALMA
map is a well-defined structure surrounded by a bright
ring, and a turbulent wake to the west. Oval BA is
not visible, likely due to the absence of the, apparently
transient, bright ring around the feature and westward
wake, which made it visible in the 2013-2014 VLA data
(dP16, dP19). A small cyclonic vortex can be discerned
to the west of Oval BA, that is bright at radio wave-
lengths and at 5 µm (see Fig. 6), indicative of NH3-dry
air and a clearing of aerosols. The anticyclonic vortices
at 40◦S are characterized in the radio and mid-infrared
by a darker center surrounded by brighter areas. The
dynamics of these small vortices as seen at 5 µm was
discussed by de Pater et al. (2010; 2011). The HST and
mid-infrared data were taken ∼1 week after the ALMA
observations. The colored line on the HST panel traces
Jupiter’s wind profile, and hence aids both in identifying
how much features have moved, and to distinguish lati-
tudes of cyclonic from anticyclonic wind shear.
4. RADIATIVE TRANSFER (RT) MODELS
In the following we discuss radiative transfer (RT) model
results of our different observations. We start with gen-
eral model results for the ALMA data, including the
SEB outbreak, and then present more specific calcula-
tions at visible and 5 µm wavelengths with regard to the
SEB outbreak.
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Figure 4. a) ALMA map at 1.3 mm, constructed from data taken 3-5 Jan. 2017. b) HST map from 11 Jan. 2017, with the
zonal wind profile superimposed. c) ALMA map at 3 mm, constructed from data taken 3-5 Jan. 2017. Various features are
indicated, such as the iconic GRS and Oval BA. Features 1–6, indicated by different colored arrows with numbers, are indicated
in the Key. Since features move at different speeds across Jupiter’s disk, and the ALMA and HST observations were taken on
different days, we indicate on the HST panel how features at different latitudes (colored dots) have moved since the ALMA data
were taken.
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Figure 5. Subaru/COMICS maps at wavelengths of 7.8–24 µm. Several features are indicated on the 8.70-µm map, with the
same Key as in Fig. 4.
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Figure 6. A 4.7-µm map of Jupiter constructed from images
taken by Gemini/NIRI on 11 Jan. 2017. The NIRSPEC
slit positions are projected onto the map; the data at the
two telescopes were taken simultaneously. We analyzed the
ground tracks denoted 59 and 65 in Section 4.4. The numbers
with arrows refer to the same Key as in Fig. 4.
4.1. RT Modeling of the ALMA Longitude-smeared
Maps
We model our data with the RT code Radio-BEAR
(Radio-BErkeley Atmospheric Radiative transfer)6, de-
scribed in detail in de Pater et al. (2005; 2014; 2019).
As in dP19, in our nominal atmosphere, assumed to be
in thermochemical equilibrium, the abundances of CH4,
H2O, and Ar in the deep atmosphere are enhanced by
a factor of 4 over the solar values, and NH3 and H2S
are enhanced by a factor of 3.2, and the temperature-
pressure (TP) profile follows an adiabat (typically wet
in zones, dry in belts), constrained to be 165 K at the 1
bar level to match the Voyager radio occultation profile
(Lindal, 1992). At pressures.0.7 bar, the TP profile fol-
lows that determined from mid-infrared (Cassini/CIRS)
observations (Fletcher et al., 2009).
As discussed in dP19, variations in the observed bright-
ness temperature can in principle be caused by varia-
tions in opacity or by spatial variations in the physi-
cal temperature. They show that variations in opac-
ity are much more likely than changes in temperature,
and therefore, like in dP19, we attribute all changes to
variations in opacity. The latter authors also investi-
gated the effect on the brightness temperature due to
changes in the TP profile at and above the ammonia
clouddeck, as sensed at mid-infrared wavelengths. After
changing the TP profile at each latitude to that observed
by Cassini/CIRS (Fletcher et al., 2016), they showed
only small changes (varying from zero to perhaps up to
6 https://github.com/david-deboer/radiobear
maximal 5 K in brightness temperature at some lati-
tudes) near the center of the ammonia absorption band,
between 18 and 26 GHz (∼1.3 cm). At deeper levels
below the NH3 cloud, an equatorial thermal wind anal-
ysis constrained by Galileo Probe vertical wind shear
(Atkinson et al. 1998, Marcus et al. 2019) suggested
that there may be horizontal temperature variations of
< 3 K between the equator and 7.5 N. Our analysis of
ALMA data did not consider small horizontal temper-
ature differences of this magnitude, particularly since
vertical wind shear cannot be measured in the region of
the SEB outbreak.
To examine the 3-dimensional distribution of ammonia
gas, or more specifically to identify changes in this dis-
tribution since December 2013, we compare in Figure 7
the brightness temperature of the 1–3 mm ALMA data
with best-fit models to the 2013-2014 VLA data (from
dP19). We stress here that no new models were pro-
duced; the existing models were merely extended into
the mm-wavelength range. Hence, as in dP19, we ig-
nored opacity by clouds. The latter authors justified
this assumption based upon disk-averaged spectra at
mm–cm wavelengths. They argued that, if cloud opacity
is important, the brightness temperatures at mm wave-
lengths should be affected much more than in the cm
range, since the mass absorption coefficient is inversely
proportional to wavelength for particles that are small
compared to the wavelength (Gibson et al., 2005).
Figure 7 shows the zonal-mean brightness temperature
spectra of the ALMA data together with the correspond-
ing 2013-2014 VLA data, superposed on the models that
gave a best fit to the 2013-2014 VLA data at the dif-
ferent latitudes. For comparison we show in all plots
the best fits to the EZ (cyan) and NEB (radio-hot belt;
blue), while the best-fit VLA models are shown in red.
The 3-mm data, with a 2.5–3 times lower spatial resolu-
tion, show lower limits to brightness temperatures where
maxima in Tb are measured, and upper limits where Tb
minima are recorded. As shown, the ALMA data show
a near-perfect match to the red curves, except perhaps
at the highest latitudes. The brightness temperatures
at these high latitudes might be slightly too high due to
the bowl-like structure under the planet as introduced
by missing short spacings (e.g., de Pater et al., 2001;
dP19).
We note that in particular in the EZ (4◦N), NTrZ
(23◦N), and at latitudes 30–40◦N and S the ALMA
data match the VLA models perfectly, which would
corroborate dP19’s assumption that clouds do not af-
fect Jupiter’s brightness temperature at mm-cm wave-
lengths. To check this statement, we performed several
15
Figure 7. Longitude-averaged brightness temperatures Tb (black dots) from the VLA 2013-2014 data (3–37 GHz, 10–0.8
cm) and the ALMA data (90–242 GHz; 3–1.3 mm) with superposed the best-fit model spectra as derived from the VLA data
(dP19: red lines) for several latitudes. The data at ∼30–100 GHz (1–0.3 cm; open circles) have a roughly 3–4 times lower
spatial resolution than at other frequencies. The cyan and blue curves on all panels show the models with the parameters (NH3
profiles) that gave best fits to the 2013-2014 VLA EZ and NEB data. (the red curve coincides with the cyan at 4.0N, and with
the blue one at 12.0N latitude). The spread between data points is a good estimate for uncertainties in the data.
16
Figure 8. Spectra are shown for various features: hot spots, large plumes, the GRS (center and ring south of the GRS), little
plumes and the SEB outbreak, with superposed models that gave best fits to the VLA data of the hot spots, GRS, and plumes
(red curves). The ammonia abundances for all models were shown in dP19. The cyan and blue curves on all panels show the
models with the parameters (NH3 profiles) that gave best fits to the 2013-2014 VLA EZ and NEB data. The red curve for the
SEB Outbreak data is one where the NH3 abundance at P < 8 bar has been replaced by 300 ppm, and following the saturated
vapor curve (with a 1% relative humidity) where appropriate.
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RT calculations. These show that in the NH3-rich EZ,
contribution functions peak at such high altitudes that
clouds do not affect the modeled brightness temperature
at mm wavelengths. In the NEB, mm-wavelength obser-
vations can penetrate to the level of the NH4SH cloud.
We tested one case with high NH4SH mass loading (∼1.6
g cm−2 between 2.4 and 0.9 bar) (the water cloud has
no effect at mm wavelengths). Although NH4SH cloud
opacity lowered brightness temperatures by a few de-
grees at mm wavelengths7, an extremely strong updraft
(length scale ∼30 km; see Wong et al., 2015) would be
required to generate this much cloud mass. The low
NH3 abundance in the NEB, down to over the 20 bar
level (dP16; dP19; Li et al., 2017), is suggestive of sub-
siding rather than rising air, which makes the presence
of such a thick NH4SH cloud layer quite unlikely. We
therefore interpret deviations in the ALMA data com-
pared to the model spectrum in terms of variations in
the NH3 abundance, and ignore potential effects of cloud
opacity.
At latitudes 5–13◦S the ALMA brightness temperatures
are slightly lower, so there may have been slightly more
NH3 gas below the cloud layers than in 2013-2014. At
12◦N the ALMA brightness temperature is a tad too
cold, and at 18◦N and 26◦N it is slightly warmer than
the models, i.e., there seems to be less NH3 gas at 18
◦N
and 26◦N in 2017 then in 2013-2014. This would explain
the observation that the minimum in Tb at 23
◦N appears
to be more pronounced in the ALMA data then in the
2013 VLA data (Fig. 2A), since the NH3 at latitudes
north and south of 23◦N have changed, while the NH3
abundance stayed constant at 23◦N.
4.2. RT Modeling of the ALMA Longitude-resolved
Maps
Figure 8 compares several resolved features in the
ALMA data to models that best fit the 2013-2014 VLA
data (from dP19) for the same type of features; as for
Figure 7, these models were obtained with our RT code
Radio-BEAR. The red curves show the best fit models
to the VLA data, and the cyan and blue curves show
the best fits to the longitude-smeared EZ and NEB,
respectively. In order to properly compare the ALMA
data to the models, however, we need to take into ac-
count the spatial resolution of the data. For the VLA
2–4 cm data, this varied roughly from 1000×1000 to
7 As pointed out by de Pater and Mitchell (1993), not much
is known about the complex index of refraction (m) of the cloud
layers. In our calculations we used m = 1.7− 0.005j for NH4SH.
De Pater and Mitchell (1993) show results for m = 1.7− 0.05j.
2000×2000 km2, while the resolution of the 1.3-mm
ALMA data is ∼2000×4000 km2, and for the 3-mm
data it is 2.5 times lower still (∼5000×8600 km2) (Ta-
ble 4). As shown, the model for the center part of the
GRS, which is quite extended, fits the ALMA data very
well, and the ALMA 1.3 mm data for the bright ring
on the south side of the GRS also agree well with the
model. As expected, the brightness temperatures of the
latter at 3 mm, like at 0.9 cm (30-35 GHz), are too cold
compared to the models because the ring is not resolved
in these observations. Similarly, the Hot Spots indicate
too low a Tb at both 1.3 and 3 mm, and too high a Tb
for the plumes. We also indicate the Tb for the source
of the SEB outbreak and the disturbance to the east of
the outbreak, referred to as the ED (East Disturbance).
Because these features are small in angular extent, the
measured brightness temperatures should be consid-
ered upper limits. We also indicate the values from the
January 2017 VLA data (discussed further in Section
5.2), which are well-aligned with the values for the little
plumes as measured in the 2013-2014 VLA data. The
red curve on this graph is not a best fit; instead, it is
a model where the NH3 abundance was assumed to be
300 ppm at pressures P < 8 bar.
4.3. SEB Outbreak in HST Data
We chose the brightest spot at visible wavelengths as
the location of the outbreak (see Fig. 4). The outbreak
spectrum was constructed by taking the I/F value at
said location in each filter. Background spectra repre-
sent the average value of three different locations close
to the outbreak. These spectra were fit using our in-
house RT code SUNBEAR (Spectra from Ultraviolet to
Near-infrared with the BErkeley Atmospheric Retrieval)
(Luszcz-Cook, et al., 2016), a python program based on
the pydisort module 8 (A´da´mkovics et al., 2016). SUN-
BEAR has been used to model Uranus at IR wavelengths
(de Kleer, et al., 2015) and Neptune at UV, Visible, and
IR wavelengths (Luszcz-Cook, et al., 2016; Molter, et
al., 2019). SUNBEAR takes as inputs the temperature-
pressure profile, atmospheric composition as a function
of depth, a model of the aerosols, and the gas opacities
as a function of temperature and pressure. These inputs
are used to construct a model atmosphere, which is fed
into pydisort to solve the radiative-transfer equation.
Further details on the code can be found in Appendix
A of Luszcz-Cook, et al., (2016).
8 https://github.com/adamkovics/atmosphere/blob/master/atmosphere/rt/pydisort.py
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Both the background and outbreak models consist of a
variable number of haze layers, an NH3-ice cloud, and an
NH4SH cloud. The scattering properties of all haze lay-
ers were derived from Mie theory, with just the particle
size and imaginary refractive index as variable inputs.
The fraction of particles with radius R, given a peak
particle size rp, is given by
p(R) =
R6e
−6R
rp∑r=∞
r=0 r
6e
−6r
rp
(1)
The real part of the refractive index was set to that of
ammonia ice, i.e., 1.4. The clouds were modeled as per-
fect reflectors with the Henyey-Greenstein asymmetry
parameter g = −0.3. The NH3-ice cloud was placed at
0.7 bar and given an opacity of 10, while the NH4SH-
ice cloud was placed at 2.5 bar and given an opacity of
30. We added four haze layers above the clouds. The
topmost haze layer extended from 1 to 100 mbar, the
second from 100 to 200 mbar, the third from 200 to 650
mbar, and the fourth from 650 mbar to 700 mbar. We
adapted the opacities and particle radii of these haze
layers to fit he spectra.
To fit the background spectra, we used an imaginary
index of refraction similar to that used for the NEB in
Fig. 7 of Irwin et al., (2018). The peak particle radii for
the haze layers, which we will refer to as hazes 1–4, with
1 being the uppermost and 4 being the lowermost, were
r1 =0.1 µm, r2 =0.3 µm, r3 =0.8 µm, and r4 =1.0 µm,
The cumulative opacities for each layer were τ1 = 0.1,
τ2 = 0.1, τ3 = 1.8, and τ4 = 3.7.
To match the outbreak spectrum, we used an imaginary
refractive index of 4 × 10−3 in the UV, 7.5 × 10−4 in
the visible, and 2 × 10−3 in the IR. Using the same
haze labeling as the background model, the peak particle
radii are r1 =0.1 µm, r2 =0.8 µm, r3 =0.3 µm, and
r4 =0.8 µm. The cumulative opacities are τ1 = 0.1,
τ2 = 0.2, τ3 = 0.62, and τ4 = 0.85. The results of
the radiative transfer modeling of these atmospheres are
shown in Figure 9.
We find that the haze above the SEB outbreak has twice
the cumulative opacity of the background model at high
altitudes (100–200 mbar), but barely a quarter of the
cumulative opacity at 0.2–0.7 bar. The outbreak plume
also has different scattering properties from the back-
ground atmosphere. The imaginary index of refraction
is higher for the outbreak, indicating that the hazes are
more prone to absorbing light at these wavelengths than
the background atmosphere. Finally, we see variations
in peak particle radius for each layer that suggests larger
particles are being transported to the tropopause from
deeper down in the atmosphere, while simultaneously re-
moving larger particles from these deeper hazes.
4.4. Keck 5-µm Spectroscopy of the SEB Outbreak
In Figure 6, we project the ground tracks of the NIR-
SPEC slit onto a 4.7-µm Gemini/NIRI image of Jupiter
taken at the same time. We analyzed the tracks de-
noted 59 and 65, the file numbers of the NIRSPEC spec-
tra. Note that track 59 traverses the western portion of
the East Disturbance (ED) at 13◦S, and track 65 tra-
verses the source region of the SEB outbreak. Both
areas are dark at this wavelength due to higher cloud
opacity. We analyzed all 3 NIRSPEC orders centered
on 4.66, 4.97, and 5.32 µm. The 4.66-µm spectrum re-
veals spectrally resolved absorption features of CH3D,
which were used to derive cloud structure. Spectra at
4.97 µm show gaseous H2O and NH3 absorption features
formed between 4 and 6 bars on Jupiter. The 5.32-µm
order samples a strong NH3 absorption band permitting
retrieval of the albedo of the upper cloud layer. In the
following we discuss our model fits to the spectra; the
details of our methodology are described by Bjoraker et
al. (2018).
Figure 10a shows a portion of the spectrum of the ED
at 4.66 µm (2142 to 2149 cm-1). We compare the ob-
served spectrum with a model containing an opaque wa-
ter cloud at 5 bars, and an alternate model with no cloud
opacity at this level. Both models included sunlight re-
flected from an upper cloud at 600 mbars with an albedo
of 12%. This albedo was obtained by fitting the spec-
trum of the ED in a strong NH3 band at 5.32 µm (not
shown) where the radiance from the thermal component
is expected to be zero. The observed CH3D absorption
feature at 2144 cm−1 is broader than that in the opaque
water cloud model, while the observed line shape is fit
quite well by the model lacking a water cloud.
Using a cloud model with a reflecting layer at 600 mbars
that is partially transmitting to allow thermal radiation
from the deep atmosphere to emerge, we next investi-
gated the abundance of gaseous H2O and NH3 by fitting
the NIRSPEC spectrum at 4.97 µm (2010-2020 cm−1).
Since we found no evidence of a water cloud at 5 bars,
we adopted the gaseous H2O profile as measured in the
Galileo Probe entry site (Wong et al., 2004). We ad-
justed one parameter, namely the pressure above which
the H2O abundance is equal to zero. The best fit was
for a pressure of 4.5 bars. At deeper levels we adopted
the Galileo Probe mole fraction of 47 ppm H2O. Once
we obtained a good fit to the wing of the strong H2O
absorption line near 2016 cm-1, we iterated on the deep
mole fraction of NH3. In Figure 10b we compare the
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Figure 9. SUNBEAR RT model fit to the SEB outbreak plume and background. The outbreak and background data are
shown in black and red, and the respective models are shown in blue and orange. The blue and orange triangles show the model
values expected in the HST filters (i.e., model convolved with the HST filter shape).
observed spectrum of the ED to synthetic spectra cal-
culated from models with 200, 300, and 400 ppm NH3.
The best fit was for 300 ppm NH3 for pressures greater
than 1.2 bars.
The spectra for track 65 were essentially the same as for
59, and hence the same results were obtained; i.e., all
our spectra are well-matched with a model with thick
clouds at ∼600-mbar level, no cloud near 5-bar, and a
NH3 abundance of ∼300 ppm. However, at this point
we should consider possible contamination by nearby hot
regions, since emissions from higher-temperature regions
would dominate the intensity at this wavelength (e.g.,
Wien’s law). Indeed, normalized 5-µm spectra of nearby
Hot Spots (not shown) are nearly identical to those of
the ED and the source of the SEB outbreak. We can
evaluate our 5-µm fluxes by comparing the ratio of flux
at 4.7 µm between Hot Spots and the ED in both the
Gemini/NIRI images and in the NIRSPEC spectra. A
Hot Spot at 17◦ S, 294◦W is 12 times brighter than the
ED in the NIRI image. The corresponding ratio in the
4.7-µm continuum level in the NIRSPEC data is about
6. The integration time for the NIRSPEC spectrum was
30 seconds, vs. the much shorter time (0.3 second) in
the NIRI image. We also observed some westward mo-
tion of the slit by comparing images taken before and
after the spectral integration. Moreover, the spectra
were taken using conventional spectroscopic techniques,
while the NIRI image shows a much higher spatial res-
olution (essentially diffraction limited). This effects our
interpretation of both gas abundances (we should con-
sider our values as lower limits) and the absence of a
deep cloud (i.e., there may well be a deep cloud).
5. DISCUSSION
It has been well established that the belts in Jupiter’s
atmosphere are regions of episodic violent convective
eruptions, sometimes associated with lightning events
(e.g., Vasavada and Showman, 2005; Brown et al., 2018).
The eruptions show up as bright plumes at visible wave-
lengths. Such vigorous eruptions require the existence of
a large reservoir of convective available potential energy
(CAPE; Emanuel, 1994), that can be released through
moist convection. CAPE is produced by radiative cool-
ing in the upper atmosphere (P .1 bar) over a radiative
timescale (4–5 years on Jupiter; Conrath et al., 1990).
Showman and de Pater (2005) discuss that in the belts,
regions that are dominated by subsiding dry air, the
virtual potential temperature (i.e., the temperature dry
air would have if its pressure and density were equal to
that of moist air) may slightly exceed that of the deep
(dry) adiabat with an interface below the water cloud.
This slight jump in potential temperature (i.e., mainly
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Figure 10. a) Spectrum of Jupiter’s ED compared with synthetic spectra generated from models with (black) and without
(green) opaque clouds G at 5 bars. The best fit to the CH3D feature is for the model without a cloud at the level where water
is expected to condense on Jupiter. b) Spectrum of the ED compared with synthetic spectra generated from models with three
abundances (200, 300, and 400 ppm) of gaseous NH3. The best fit model has 300 ppm NH3. All models have an H2O abundance
of 47 ppm for P > 4.5 bars, consistent with that measured in the Galileo Probe entry site, and no opaque cloud at the 5-bar
level.
caused by the change in mean molecular weight due to
condensation of water) forms a stable layer that inhibits
vertical mixing there. Occasionally, plumes may rise up
to the (water) condensation level, where latent heat pro-
duced upon condensation may propel the plumes further
up along a moist adiabat, thereby reducing CAPE. Due
to the presence of the stable layer below the water con-
densation level, CAPE cannot be completely depleted,
and an equilibrium is set up between the rates at which
CAPE is produced and dissipated. This has been mod-
eled numerically by Sugiyama et al. (2014).
5.1. Moist Convection in the NTB, and the NEB
Expansion
In October 2016 four super-bright plumes were spotted
on the south side of the NTB, moving with the fast
24◦N eastward jet. These plumes signified the onset of
a large disturbance, or reorganization, of the NTB, as
recorded subsequently by the amateur-astronomy com-
munity, leading ultimately to the orange-colored band
seen in the HST map (Fig. 4B) (see Sa´nchez-Lavega et
al., 2017 for a full description and numerical simula-
tion of events). Such disturbances have been recorded in
the NTB roughly every 5 years (Rogers, 1995; Fletcher,
2017), i.e., consistent with the build-up of CAPE. To
this date, we have no observations that trace the plumes
down to below the cloud layers, however.
As mentioned in Section 4.1, the NH3 abundance had
not changed in the NTrZ between Dec. 2013 and Jan.
2017, but it had slightly decreased at 18.5◦N (the ledge
in the NEB) and in the NTB. It may be possible that the
super-bright plumes were rising up so fast that conden-
sation did not start until well above the ammonia cloud
deck. As shown in Section 4.2, plumes indeed rise up
well above the ammonia cloud layer. With the low tem-
peratures at these high altitudes, the air would become
very dry upon condensation. This very dry air could
descend in the neighboring belt regions (NTB, NEB-
ledge), causing them to be dryer than under normal cir-
cumstances.
Fletcher et al. (2017b) showed that in 2015-2016 the
brown color of the NEB expanded northwards (from 17◦
to 20◦), into the NTrZ, and warmed the atmosphere at
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the cloud top as shown by thermal infrared data. They
suggest that the NEB expansion may have been initi-
ated around October 2014, when bulges of dark colors
appeared on the northside of the NEB (16-18◦N). This
expansion only extended half way around the planet,
and the NEB had returned to its normal state by June
2016. After the reorganization of the NTB/NTrZ, a sec-
ond NEB expansion started in early 2017, which ex-
tended all around the planet within months (Fletcher
et al., 2018). At the time of the 2013 VLA observa-
tions, which showed no warm NEB northern extension
(ledge), the NEB/NTrZ was fairly quiet. In contrast, in
Jan. 2017, ALMA data, which probed similar pressure
levels, did show the ledge during a time that the NTrZ
was highly disturbed and the NEB about to begin an
expansion. We therefore suggest that the presence of
the ledge is possibly related to these large-scale visible
cycles in the belts. Moreover, similar to the 2017 ALMA
data with the ledge, 1.3-cm VLA maps from December
2014, when the NEB was likewise disturbed preceding
an expansion, also showed a broader NEB profile than
the 2–4 cm data taken earlier that year (Fig. 6 in dP19),
corroborating our hypothesis.
5.2. Moist Convection in the SEB
ALMA observed Jupiter just a few days after an out-
break, or a bright white plume, was reported in the
SEB. The spot appeared on 29 December 2016 at a
jovigraphic latitude of 16.5◦S and System-II longitude
of 208◦ (equivalent to System-III longitude of 300.8◦),
coincident with a small white vortex, likely a cyclonic re-
gion given the latitudinal gradient in windshear (Fig. 1).
Over the next few months new white spots kept appear-
ing within a few degrees of the same System-II longi-
tude (i.e., at a fixed position on Jupiter’s disk), while
the spots expanded northward producing increasingly
extended rifts or disturbances towards the east, i.e.,
in the prograde direction propelled along by the winds
and strong wind shear at those latitudes (Mizumoto,
2017; Rogers, 2018). The event shows a strong resem-
blance with the SEB revival in 2010-2011 (Fletcher et
al., 2017a), a series of convective events that followed a
period (in 2009–2010) during which the SEB was in a
faded state (Fletcher et al., 2011). Although, as men-
tioned in the Introduction, this most recent event was
not preceded by an overall fading, the outbreak in both
cases was initiated by a series of convective eruptions at
a cyclonic spot.
In contrast to the 2010-2011 SEB revival, the present
outbreak was also observed in the mm–cm wavelength
range, i.e., including wavelengths that probe below the
cloud layers. Figure 11 shows a compilation of images
featuring the SEB outbreak in January 2017 at differ-
ent wavelengths. Figure 12 shows the same region sev-
eral weeks earlier, in December 2016. The pre-outbreak
spot is bright in reflected-light visible and UV HST im-
ages, indicative of aerosols; the south side of the spots
is warm, as shown by the thermal infrared 10.8 and 13
µm VLT images. At 889 nm, in the methane absorp-
tion band, the spot reveals a small dark center, which
implies that aerosols in the upper part of the cyclone
must be small (.0.1 µm) to be reflective in the UV but
transparent at 889 nm. At 5 and 8.7 µm the area at and
around the spot is dark, indicative of clouds that pre-
vent deeper-seated emission from leaking through. No
disturbance is seen at radio wavelengths, where the main
source of opacity is NH3 gas, and clouds/hazes are trans-
parent.
The pre-outbreak spot is very similar to the one ∼20◦
to the west, except that it displays the small clearing at
889 nm – it is not clear how this difference could predict
such a vigorous eruption a few weeks later.
The source of the SEB outbreak (Fig. 11) is dark in the
ALMA map, surrounded by a brighter ring, indicative of
NH3 gas rising up to higher (colder) altitudes, with dry
gas subsiding around the periphery, like the secondary
circulation in small vortices (de Pater et al., 2010). A
small brighter lane is visible to the northeast, connecting
to a large dark area, referred to as the East Disturbance
(ED). The brightness temperature at 1.3 mm of both
the source of the SEB outbreak and the ED is consis-
tent with a model of NH3 gas rising up from the deep
atmosphere (Fig. 8).
At mid-IR wavelengths, data taken ∼6 days after the
ALMA observations, the SEB outbreak and ED are dark
at all troposphere-sensing wavelengths (8.6 – 20 µm),
indicative of cold temperatures, enhanced aerosol opac-
ity, or (most likely) a combination of the two (Fig. 11).
VLA, HST, and 5-µm observations were taken one day
later. At this time two prominent convective storms are
visible on the HST map, with the ED to the northeast.
The location of both plumes is indicated on the VLA and
5-µm maps (yellow circles in the dark areas), both in-
dicative of low brightness temperatures. The ED is also
dark on these maps, while bright regions near/around
the plume locations and along the ED periphery im-
ply aerosol-free dry subsiding air, so deeper warmer lay-
ers are probed. The bright lane at the southwestern
edge of the ED in the 8.6-µm image, sensing a com-
bination of temperature and aerosol opacity at the 500-
mbar level, is consistent with this picture. This lane had
moved slightly northwards between January 10 and 11,
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Figure 11. The SEB outbreak as observed at different wavelengths. Each panel is about 80◦ in longitude and 60◦ in latitude.
The source of the outbreak, as well as the ED (East Disturbance) is indicated in several panels. The various wavelengths are
sensitive to different gases and/or aerosols, and hence probe different depths (and hence different temperatures).
as shown in the Gemini image (Fig. 11); on 10 January,
the 5-µm region coincided in position with the 8.6-µm
lane (not shown). At higher altitudes sensed by the
17.6/18.7/19.5-µm images, the SEB outbreak and ED
are simply cold and embedded in the warmer SEB; due
to the lower spatial resolution, details of the structure
are washed out. A tail to the south-west of the SEB out-
break is visible in all images, the direction of which is
consistent with the gradient in the wind profile. Finally,
at 7.9 µm, probing the stratosphere, a wave with a 20-
25 degree longitudinal spacing might be present towards
the west of the source outbreak. Such a stratospheric
thermal wave was clearly present during the 2010-2011
SEB revival (Fletcher et al., 2017a).
From all maps together, we infer that NH3 gas is most
likely brought up in the convective plume(s), drying
out through condensation, and descending along the pe-
riphery. Model fits to the plume at the source of the
SEB outbreak in the HST data (Section 4.3) corrobo-
rate this picture. The cumulative opacity in the SEB
plume is about twice that of the background at high al-
titudes (100–200 mbar), with larger-sized particles, and
a quarter of the cumulative opacity between 0.2–0.7 bar
(Fig. 9), such as would be expected if particles rise up
to much higher altitudes in the plume region. This sug-
gests that the plume consists of particles thrown from
lower altitudes high into the atmosphere.
Simultaneously with the Gemini images, we took 5-µm
spectra near the SEB outbreak using NIRSPEC at Keck
(Fig. 6). These spectra were taken very close to a bright
(hot spot) area, and we have good reasons to believe
the data are contaminated by flux from these hot re-
gions. Nevertheless, we can conclude from the in-depth
analysis in Section 4.4 that the spectra are consistent
with the ED and plume region having thick clouds at
the 600-mbar level. Although a best fit to the spectrum
suggests no cloud at the 5-bar level, we do not trust this.
The gas composition is similar to that of adjacent Hot
Spots, with H2O at 47 ppm at P > 4.5 bar (as measured
with the Galileo Probe; Wong et al., 2004), and zero at
higher altitudes. NH3 line profiles were best matched
using 300 ppm at P > 1.2 bar. With the likely con-
tamination by hot spots, this NH3 abundance should be
taken as a lower limit. Although our ALMA data agree
well with this abundance (Fig. 7), due to ALMA’s low
spatial resolution this also was taken as a lower limit to
the NH3 abundance.
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Figure 12. The site of the SEB outbreak in HST and VLA maps (11 Dec. 2016) and at mid-infrared wavelengths (17 Dec.
2016) several weeks before the first plume was seen. The vortex (bright in the visible and mid-IR; dark at 889 nm) where the
outbreak took place is indicated by an arrow. The dark square on the mid-IR images blocks out Io, which was visible (saturated)
in a background frame.
Fletcher et al. (2017a) compared the convective
eruptions triggering the 2010-2011 SEB revival with
mesoscale convective storms (MCS) seen on Earth,
which show intense precipitation and cold cloud tops
(Houze, 1993). As discussed above, the SEB eruptions,
like those in the NTB, are probably moist-convective
plumes, rising up from the water condensation level.
While injection of energy warms the atmosphere rel-
ative to its surroundings, resulting in a cyclonic mo-
tion, near the top of the plume, where divergence and
cooling takes place, an anticyclonic motion is expected
(Emanuel, 1994). Since such a motion is in the oppo-
site sense to that expected from the windshear across
the SEB, the anticyclones will not persist for long but
break up into eddies. Such a sequence of events, start-
ing with a moist-convective plume and ending with its
demise, while new plumes arise at the same location
(same System-II longitude) was imaged at high spatial
resolution by Voyager 1 in Feb. 1979, and modeled by
Hueso et al. (2002). The Voyager images closely re-
semble the present, as well as previous, SEB outbreaks,
including the eruption, westward tail, and ED. None of
the previous observations, however, yields information
below the visible ammonia clouddeck. Our ALMA ob-
servations are the first to show that high concentrations
of NH3 gas are brought up in the plume, i.e., the source
of the outbreak, as well as in the disturbance to the
east. The mid-infrared images show that the top of the
plumes are indeed cold, as expected from the models.
Hence our data are fully consistent with models of moist
convection.
6. SUMMARY
This paper focuses on 1.3- and 3-mm maps constructed
from data obtained with ALMA on 3–5 January 2017,
just days after the onset of an outbreak in the SEB, and
a few months after a reorganization of the NTB. These
data are the first to characterize the atmosphere below
the cloud layers during/following such outbreaks. Aided
also by observations ranging from uv to mid-infrared
wavelengths, we have shown that the eruptions are con-
sistent with models where energetic plumes are triggered
via moist convection at the base of the water cloud. The
plumes bring up ammonia gas from the deep atmosphere
to high altitudes, where NH3 gas is condensing out and
the subsequent dry air is descending in neighboring re-
gions. The cloud tops are cold, as shown by mid-infrared
data, indicative of an anticyclonic motion, which causes
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the storm to break up, as expected from similarities to
mesoscale convective storms on Earth. The plume par-
ticles reach altitudes as high as the tropopause.
Our research shows the importance of simultaneous
multi-wavelength observations of transient events, that
sense the atmosphere from below the cloud layers to well
above the tropopause.
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